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The purpose of this study is to propose a simple graphical method for accurately determining the densities
and energy levels of donors and acceptors with different energy levels in a semiconductor from the tempera-
ture dependence of majority carrier concentration n(7"). For this purpose, a function S(T, Eref) is defined as
S(T, Erer) = n(T) exp(Eres /kT)/kT, where k is the Boltzmann constant and Eres is a parameter which varies a
peak temperature of S(T, E,ef). Since S(T, Erer) has peaks corresponding to the energy levels of impurities which
produce majority carriers, the density and energy level can be evaluated using each peak in the S(7T, Eref) curve.
This method can be used to investigate how many kinds of impurities, which produce majority carriers, exist in
a semiconductor. Moreover, the density of all impurities, which produce minority carriers, can be determined,
since we can simulate the dependence of S(T7 Eref) on this density.
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1. Imntroduction

Semiconductors usually include several kinds of im-
purities. For example, 6H-S1C is reported to often in-
clude both acceptors (Al and/or B)»?) and N atoms
which act as donors with two sets of energy levels.!) In
Si, oxygen-related donors are reported to be formed by
annealing.>*% Besides conventional dopants, impurities
are sometimes intentionally doped into Si or ITI-V com-
pound semiconductors. For instance, rare-earth metals
are used as dopants, because near-infrared light can be
obtained from these materials.* %)

Since the majority carrier concentration (n or p) is
very sensitive to impurities, an accurate evaluation of the
densities and energy levels of impurities is very importan-
t. In order to determine the densities and energy levels of
donors and/or acceptors in semiconductors, many meth-
ods have been used.®* ¢ The dependence (Inn —1/T
or Inp — 1/T) of the majority carrier concentration on
the temperature (7)) is usually used to determine the
impurity density and the impurity level. The impurity
density is equal to the majority carrier concentration in
the saturation region, and the impurity level is evaluat-
ed from the slope of the Inn — 1/T or Inp — 1/T curve
in the freeze-out region. As pointed out by Hoffmann,®
however, it 1s difficult to evaluate the densities and en-
ergy levels of impurities with different energy levels in
a semiconductor using this method. Although Hoffman-
n proposed a differential evaluation of the temperature
dependence of the majority carrier concentration,®) the
differential evaluation of experimental data probably re-
sults in an increase in the number of observational errors,
indicating that it is difficult to evaluate the densities and
energy levels accurately. On the other hand, 1t is difficult
to obtain reliable values by fitting a curve to experimen-
tal data for n—1/T (or p—1/T), partly because it is nec-

essary to determine how many kinds of impurities exist
in a semiconductor before carrying out the curve-fitting
procedure and partly because so many curve-fitting pa-
rameters (i.e., the densities and energy levels of several
kinds of donors and acceptors) are required to fit a curve
to experimental data.

We have proposed a simple graphical method in which,
from each peak in the curve representing the product of
n (or p) and 1/kT, the corresponding density and ener-
gy level can be determined,'®) where k is the Boltzmann
constant. The smallest difference between energy level-
s (i.e., the energy resolution) of two impurities, whose
densities and energy levels can be determined accurate-
ly using this method, is about 0.05 eV.!%) Although this
energy resolution is comparable to that for Hoffmann’s
method,'® it is necessary to improve the energy resolu-
tion. Moreover, it is difficult to evaluate the densities
and energy levels of donors and acceptors in a compen-
sated semiconductor using this method. Therefore, we
have aimed to modify the previously proposed method*®)
in order to obtain more accurate results.!’12)

The expression (Np/kT) exp[—(AEp—Frer) /KT plays
an important roll in the analysis, where E. is a giv-
en parameter and Np and AFEp are unknown param-
eters. Since this function has a maximum value of
ND exp(—l)/(AED — Eref) at T'= (AED — Eref)/k, the
values of AEp and Np can be evaluated using the peak
of the function. In this paper, the author proposes a sim-
ple graphical method whose energy resolution is about
0.006 eV and by which the densities and energy levels of
donors and acceptors can be accurately evaluated in a
compensated semiconductor.

2. Theoretical Consideration

To simplify the following arguments, the tempera-
ture dependence of the free electron concentration n(7")



in an n-type semiconductor is considered. Instead of

n(T)/kT 'Y a new function is defined as

Eret
()

where F. . 1s the newly introduced parameter. The value
of n(T) is theoretically given by™

T) = Z Npi [1 — f(Ep;)] — Z Najf(Eaz)+p(T),
7 J (2)

where f(F) is the Fermi-Dirac distribution function, Np;
and FEp; are the density and energy level of the :—th
donor, respectively, Na; and FEj4; are the density and
energy level of the j—th acceptor, respectively, and p(T')
is the free hole concentration. Since an n-type semicon-
ductor is considered in this study, all f(E4;) are nearly
equal to 1 and p(T) is nearly equal to zero. Therefore,

S(T, Eref) =

AED;
~ 3" Mo FilTexp (<) <X 9
with
(AEF)
exp
kT
gDi + exp .
Na=>_ Naj, (5)
)
and

AEp; = Ec — Eb;, (6)

where AEF and AEDp; are the Fermi level and the 7—th
donor level measured from the conduction band edge, re-
spectively, gp; 1s the degeneracy factor of the :—th donor,
and AFp;11 > AFEp;. Thus, the function S(T, Eyer) is
expressed as

T Eref ZNDZ T Eref)
NA Eref
~3T P ( KT ) 0
with
1 AEp; — B
Di(T, Eret) = Fi(T) - 1= - exp ( %) . (8)

Since exp[—(AEp; — Fret) /kT]/kT in eq. (8) has a max-
imum at 7' = (AFEp; — Frer)/k, the peak temperature of
D;(T, Erer) is reduced by using a positive Frer, although
the peak temperature of D;(T, E..r) is not exactly equal
to (AFED; — Frer)/k due to the factor F;(T). By changing
Eler, therefore, we can change each peak temperature in
the S(7, Fret) curve.

2.1  FEuvaluating the density and energy level of the shal-
lowest donor and the density of all acceptors

At low temperature, the contribution of donors with

high AEp; to n(T) is very small. Therefore, after re-

ducing the lowest peak temperature (Theax1) by using a

positive Fi.r, the values of Npy, AFp; and Na can be
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determined accurately from this peak.

We define Tg as the lower temperature at which the
ratio S(T, Erer)/S(Tpeaxt, Ever) has a value of R (i.e., 0 <
R < 1). In order to determine AFp; and Na /Np; using
Tpeax1 and Tg, the function

S(T, Ere
Y1 (T, Ever) = % (9)
D1
is defined. As is clear from eq. (9),
Yl (T, Eref) S(T, Eref)

Yl (Tpeakla Eref) S(Tpeakla Eref) . (10)

When electrons emitted from the shallowest donor

make a dominant contribution to n(T) at Tpear1 and T,
the function Y1 (7, Erer) is approximately expressed as

NA 1 Eref

. (11
Npy kTeXp<kT) (11)
We can determine AFEp; and Na/Np; which maximize
Yl (T, Eref) at T peakl and make Yl (T Eref)/Yl( peakl) Eref)

equal to R at TR using eq. (11). As is clear from eq. (9),
Np1 is given by

Yl(Ta Eref) DI(T Eref)

S(Tpeakl ) Eref)

Np; = —~beakly “ref)
! Yl (Tpeakla Eref)

(12)

2.2 Bvaluating the densities and energy levels of deeper
donors
In order to evaluate the density and energy level of
the n-th donor (n > 2), a function S, (7T, Erer) without
the effects of all acceptors and donors shallower than the
n-th donor level is defined as
Sn(Ta Eref) =5

T Eref T Eref)

ZNDZ

+NA Eref
kT P\ kT )

Since Na, Np; and AFEp; (i <n —1) are already deter-
mined, S, (T, Erer) can be calculated using eq. (13). In
order to evaluate A Ep,, the following function is defined

Sn (T, Eref)

(13)

Yo(T, Erer) = 14
(1 5y = 220 (14
This function i1s approximately expressed as

Yn(Ta Eref) ~ Dn(Ta Eref)a (15)

when the contribution of the (n + 1)-th donor to n(7T) is
small at the peak temperature (Tpeakrn ) in the Sy (T, Erer)
curve. We can determine AFp, which maximizes
Yo (T, Ever) at Tpeakn using eq. (15). Then, Np, is given
by

Sn (Tpeakn ) Eref)
Yn (Tpeakn ) Eref) ’

as is clear from eq. (14).

When Sy41(7, Frer) is very small, we can conclude
that n kinds of donors exist in the semiconductor. There-
fore, we have determined the densities and energy levels
of all donors and the total acceptor density in the semi-
conductor.

Npp = (16)



3. Discussion

3.1 A semiconductor with two donors

As asimple case, Si with two kinds of donors (AFp; =
0.0390 eV, Np; = 1.00 x 106 em™3, AEpy = 0.110 eV
and Nps = 1.00 x 10'° cm=3) is considered. The value
AFp; = 0.039 eV corresponds to the donor level of Sb
in $i.”) The n(T) curve in the range 77.0 K < 7' < 300 K
is shown in Fig. 1. In this calculation of n(T), the value
of gp; used was 2.

The solid curve in Fig. 2 represents S(7',0) calculated
using eq. (1) and n(7T) shown in Fig. 1. Because there
are two discrete peaks in this figure, 1t is clear that at
least two kinds of donor levels exist in the semiconduc-
tor. In this figure, Theak1 and S(Tpeax1, 0) are 101 K and
9.15 x 10’7 em™3 - eV ™! respectively, and Tj.gs is 78.5
K. The values of AFp; and Na/Npi, which maximize
Y1(T,0) at Thearn = 101 K and make Y7 (7',0) 85% of the
maximum value at Tpgs = 78.5 K, are 0.0392 eV and 0,
respectively. Therefore, N is zero. In this calculation,
the relationship

AEp = kTIn [NC(T)]

n(T)
is used, where n(T') is that shown in Fig. 1 and N(7T')

is the effective density of states in the conduction band
for Si, which is given by”

No(T) =5.39 x 1027 [em™3]. (18)

The value of Y3 (101, 0) is calculated to be 90.6 eV ™" us-
ing eq. (11) and the obtained values (AEp; = 0.0392 eV
and Na/Np; = 0). Since S(101,0) = 9.15 x 10*7 em =3 -
eV~! in the solid curve of Fig. 2, Np; is estimated to be
1.01 x 10'% cm~=3 using eq. (12).

The broken curve in Fig. 2 is the S3(T,0) curve cal-
culated using the obtained values (AFEpi, Np; and Ny)
and eq. (13). The values of Tpeaxs and So(Tpeax2, 0) in
the S5(T',0) curve are 263 K and 3.64x 107 cm=3.eV ™1,
respectively.  The value of AFps, which maximizes
Y5(T,0) at Tpeaxs = 263 K, is 0.110 eV. Using eq. (15)
and AFpy = 0.110 eV, Y3(263,0) is calculated to be
36.6 V™. Since $(263,0) = 3.64 x 10'7 em™3 . eV ™!
in the broken curve of Fig. 2, Npsy is evaluated to be
9.95 x 10*® em™3. The obtained values (AEpi, Npi,
Na, AEpy and Npa) are close to the actual values. S-
ince S3(T, Eyer) is very small over the whole temperature
range, it is found that this semiconductor has two kinds
of donors

(17)

3.2 A semiconductor with two donors whose energy lev-
els are close

Si with two kinds of donors (AFEp; = 0.0390 eV,
Npy = 1.00 x 10'® em™3, AEp, = 0.0540 eV and
Nps = 1.00 x 1016 cm_?’) 1s considered. The donor level
of 0.054 eV corresponds to that of As in Si.”) The n(T)
curve in the range 20.0 K < 7" < 230 K is shown in
Fig. 3.

The solid curve in Fig. 4 represents S(7',0.0185) cal-
culated using n(7) in Fig. 3. In order to determine
the density and energy level of the shallowest donor
accurately, Tpeak1 is reduced by using Ere = 0.0185

3

eV. In this figure, Theaxr and S(Tpeari, 0.0185) are 38.8
K and 1.78 x 10" cm™3 - eV™!, respectively, and Tp.o
is 20.3 K. The values of AEp; and Na/Npi, which
maximize Y7(7,0.0185) at Tphear: = 38.8 K and make
Y1(T,0.0185) 90% of the maximum value at Ty = 20.3
K, are 0.0392 eV and 0, respectively. Therefore, Ny
is zero. The value of Y7(38.8,0.0185) is calculated to
be 1.68 x 10% eV™! using eq. (11) and the obtained
values (AFEp; and Na/Npi). Since S(38.8,0.0185) =
1.78 x 10 cm=3 - eV ™! in the solid curve of Fig. 4, Np1
is estimated to be 1.06 x 10*° ecm™3 using eq. (12).

The broken line of Fig. 4 shows S5(7T), 0) calculated us-
ing eq. (13) and the obtained values (AFEp;, Np; and
Nya). The values of Theaxs and So(Tpeakz, 0) are 150 K
and 5.86 x 1017 cm™3 - eV™! | respectively. The value
of AEpy, which maximizes Y5(T,0) at Tpeaxz = 150
K, is 0.0547 eV. Using eq. (15) and AFEp, = 0.0547
eV, Y5(150,0) is calculated to be 62.3 eV™!. Since
S5(150,0) = 5.86 x 1017 em™3.eV ™! in the broken curve
of Fig. 4, Nps is evaluated to be 9.41 x 10'® cm™3 us-
ing eq. (16). The obtained values are close to the actual
values. Since S3(T, Eief) is very small over the whole
temperature range, it is found that this semiconductor
has two kinds of donors

3.3 A semiconductor with donors and acceptors

6H-SiC with two kinds of donors (AFp; = 0.110
eV, Np; = 1.00 x 10'® cm™3, AFp, = 0.150 ¢V and
Nps = 1.00 x 1016 cm_?’) and two kinds of acceptors
(AFEx; = 0.200 eV and AEx2 = 0.300 V) is considered.
The donor levels of 0.11 eV and 0.15 eV correspond to
those of N inserted into the hexagonal site and cubic site
of 6H-SiC, respectively,") and the acceptor levels of 0.2
eV and 0.3 eV correspond to those of Al and B in 6H-
SiC, respectively.?) In Fig. 5, the solid and broken curves
represent n(T) for Na; = Nas = 1.00 x 10*® cm™3 and
Na1 = Nas = 1.00 x 10" em™3, respectively, in the
range 77.0 K < T < 300 K. Using eq. (5), in other
words, the solid and broken curves represent n(T) for
Na = 2.00 x 10*® ecm™3 and Nay = 2.00 x 102 cm™3,
respectively.

The solid and broken curves in Fig. 6 represent
S(T, Fret) calculated using eq. (1) and n(T) expressed
as the solid and broken curves in Fig. 5, respectively.
From this figure, Tcax1 and 1y ¢ in the solid curve are
112 K and 77.8 K, respectively, and Tpc.x1 and 16 in
the broken curve are 132 K and 77.4 K, respectively.

Although the values of Ty 6 in the solid and broken
curves of Fig. 6 are very close, Tpeax1 in the solid curve
is lower than Tpeax1 in the broken curve, indicating that
Ny affects S(T, Erer) sensitively. From the dependence
of Tpeax1 and Tr on Ny in the Y7 (T Erer) curve which
is calculated using eq. (11), AFp; and Ny /Np; can be
determined using Tpeark1 and Tg.

Using the solid curve (Tpeaxs = 112 K and Tpe =
77.8 K) of Fig. 6, AEp; and Ny /Np; are determined to
be 0.110 eV and 0.194, respectively. In this calculation,
the relationship

Ne(T) = 1.16 x 10*°T% [em™?] (19)



is used for 6H-SiC. Since S(112,0.1) = 8.70 x 10%° em~3-
eV™! in the solid curve of Fig. 6, Npi is estimated to
be 1.10 x 10'® cm~3 using eq. (12). Therefore, Ny is
2.13 x 10'® em™3.

Using the broken curve (Tpeax1 = 132 K and The =
774 K) of Fig. 6, AFp; and No/Np; are evaluated
to be 0.111 eV and 1.47 x 1073, respectively. Since
5(132,0.046) = 1.08 x 10" cm™3 - eV ™! in the broken
curve of Fig. 6, Np, is estimated to be 1.12 x 106 em™3
using eq. (12). Then, N is 1.65 x 1013 cm™3] indicat-
ing that N, is smaller than the actual value. This is
because n(Tg) increases with the density of the second
donor while n(Tg) decreases with the densities of accep-
tors. Therefore, the effect of the second donor on n(7Tg)
results in the underestimation of Ns. In order to de-
termine the small ratio Ny /Npy accurately, n(7') should
be measured at temperatures as low as possible, because
the effect of the second donor on n(Tg) decreases with
decreasing temperature.

The solid and broken curves in Fig. 7 represent
Sa(T, Erer) calculated using eq. (13), the obtained val-
ues (AFEpi, Np1 and Na) and n(T) expressed as the
solid and broken curves in Fig. 5, respectively. Using the
solid curve of Fig. 7, the value of AEps, which maxi-
mizes Y5(T,0.05) at Tpears = 242 K, is 0.154 eV. Since
S5(T,0.05) = 2.57 x 10'® ecm~3 - eV ™! in the solid curve
of Fig. 7, Nps is evaluated to be 9.32 x 10'® cm™3 us-
ing eq. (16). The obtained values are close to the actual
values. Since S3(7T, Frer) is very small over the whole
temperature range, it is found that this semiconductor
has two kinds of donors.

Using the broken curve of Fig. 7, the value of AFEps,,
which maximizes Y5(T',0.05) at Tpeaxe = 250 K, is 0.155
eV. Since Sy(7,0.05) = 2.29 x 10'® em™2 - eV ™! in the
broken curve of Fig. 7, Nps is evaluated to be 8.99 x
10" em™2 - eV™! using eq. (16). The values of AFps
and Nps are close to the actual values, although Ny is
underestimated as mentioned above. Since Ss(7, Frer) is
very small over the whole temperature range, it is found
that this semiconductor has two kinds of donors.

In order to investigate the limitation for Na/Np, we
consider 6H-SiC with two sets of acceptors; (Nay =
Naz = 1.00 x 10 em=3) and (Na; = Naz = 1.00 x
10'% cm=3). The values (AFp1, Npi, AEps, Npa, AEA;
and AFp») are the same as those mentioned above. The
temperature range is between 50.0 K and 290 K. Figure 8
shows S(T',0.054) for Nao = 2.00 x 10t cm=3 (the solid
curve) and S(7,0.052) for Nao = 2.00 x 101® cm™3 (the
broken curve).

Using the solid curve (Thean = 67.6 K and Tys =
50.0 K), AEp; and Na/Np; are evaluated to be 0.110
eV and 1.96 x 1077, respectively, using eq. (11). Since
S(67.6,0.054) = 2.55x 101 cm™3-eV ™! in the solid curve
of Fig. 8, Np; is estimated to be 1.01 x 10'® cm~3 using
eq. (12). Therefore, N is 1.98 x 10" em™3. A value of
Ny close to the actual value is obtained, although the
ratio Na/Np1 is very small (i.e., 2 x 107°%).

Using the broken curve (Tpeak1 = 91.8 K and Tpo =
524 K), AEp; and Nu/Np; are evaluated to be 0.110
eV and 8.88 x 1077, respectively, using eq. (11). Since

S(91.8,0.052) = 2.06 x 10" em™3 - eV ™! in the broken
curve of Fig. 8, Np; is estimated to be 1.03 x 106 em™3
using eq. (12). Therefore, N is 9.15 x 10° cm~3, and
Ny is smaller than the actual value, suggesting that n(7")
should be measured at temperatures as low as possible
in order to evaluate a small ratio N /Np;.

The solid and broken curves in Fig. 9 represen-
t So(T, Erer) calculated using eq. (13), the obtained
values (AFp1, Npi1 and Na) and n(7T) for Ny =
2.00 x 10" ecm™3 and Ny = 2.00 x 10 cm™3, re-
spectively. Using the solid curve [Tpeaxz = 241 K and
So(Theak2,0.05) = 2.77 x 10*® em™3 . eV™'], ABp, and
Np» are evaluated to be 0.151 ¢V and 9.93 x 101® cm ™3,
respectively, using eqs. (15) and (16). Using the bro-
ken curve [Theaks = 243 K and So(Tpeax2, 0.05) = 2.67 x
108 em=32 . eV_l], AFEpy and Npo are evaluated to be
0.151 eV and 9.76 x 10*® cm™3, respectively, using e-
gs. (15) and (16). Using the broken curve, although
Nj 1s underestimated as mentioned above, the values
of AEps and Nps are close to the actual values. In both
cases, 1t i1s found that this semiconductor has two kinds
of donors, since Ss(7T, Fyer) is very small over the whole
temperature range.

As discussed above, the densities and energy levels of
donors can be determined accurately, while N4 is apt to
be underestimated. In order to determine N accurate-
ly, n(T) should be measured at temperatures as low as
possible.

3.4  Limatations of this method

Let us discuss the limitations of this method. For Si
with AEp; = 0.039 eV and AEps = 0.054 eV, the den-
sities and energy levels of the two donors can be deter-
mined in the range 4 x 1072 < Np;/Npy < 20. Since
the purpose of this study is to graphically determine the
densities and energy levels of impurities which are mainly
related to the majority carrier concentration in a semi-
conductor, this range Npj/Nps is considered to be ap-
propriate. Under the conditions that AFp; = 0.039 eV
and Np; = Nps2, the densities and energy levels of the
two donors can be determined when A FEps is larger than
around 0.045 eV, that is, the energy resolution of this
method is about 0.006 eV.

In the case of n-type semiconductors with donors
and acceptors, this method is in principle available for
Na/Npi1 < 1. The densities and energy levels of donors
can be evaluated accurately, while Ny is apt to be un-
derestimated. In order to avoid this underestimation
of Na, n(T) should be measured at temperatures as
low as possible. In §3.3, Ny can be determined for
Na/Np1 > 2 x 1075 accurately. This range Na/Npi
1s considered to be appropriate.

3.5 Comparison with other methods

In the n(T) —1/T characteristics, the donor density is
equal to n(T) in the saturation region.”) The donor level
is evaluated from the slope of the Inn(T) — 1/T curve
in the freeze-out region, because n(7T') in this region is



approximately proportional to”)

exp | ——— |-

Since there are no saturation regions in Fig. 1, no donor
densities can be determined. The value of AEp; 15 0.0284
eV from the slope in the range 11 K=t < 1000/7 <
13 K~!, and AFEp; is 0.0386 eV from the slope in the
range 4.8 K1 < 1000/T < 6.2 K=1. As is clear from
Fig. 3, it is considered that only one kind of donor exists,
and AEp; determined in the range 15 K=1 < 1000/7 <
50 K=! and Np; determined at 1000/7T = 4.35 K~!
are 0.0431 eV and 1.95 x 10'6 em™3, respectively. In
Fig. 5, AEp; and Np; are determined in the range
8 K=1 < 1000/T < 13 K=t and at 1000/7 = 3.33 K~1,
respectively. Using the solid curve, AFp; and Npy are
evalnated to be 0.234 eV and 1.66 x 10'% em™3, respec-
tively, and using the broken curve AFEp; and Np; are
determined to be 0.126 eV and 1.86 x 10'® cm ™3, respec-
tively. Since the obtained values are poor approxima-
tions of the actual values, this analysis is unsuitable for
the evaluation of several kinds of impurities with differ-
ent energy levels in a semiconductor.

When we determine AFEp;, Np; and N by fitting a
curve to experimental data for n(7T) —1/T characteristic-
s, 1t 1s necessary to determine how many kinds of donors
exist in the semiconductor before the curve-fitting proce-
dure 18 carried out. Therefore, it is difficult to apply this
method when we do not know how many kinds of donors
exist in the semiconductor. Moreover, because so many
curve-fitting parameters are required to fit a curve to ex-
perimental data, it is difficult to evaluate the densities
and energy levels accurately.

Hoffmann proposed a differential evaluation of n(T).
For small temperature differences 7,1 — 1}, the deriva-
tive (—kT) - dn/dEr as a function of AEp can be ap-
proximated by® %)

(20)

6)

Tj-l'l + T? . n((Tj-l'l)) - n(j}) ( ) (21)
2 T ) N R
Tl [ n(Tj41) ] il [ n(T;) ]

as a function of

k Ne(T; Na(T;
T o [
The (—kT) - dn/dEp curve has maxima at AFp =
AFEp; + kT In gp;, where T1y; is the temperature corre-
sponding to the ¢-th maximum. The ordinate of the i-th
maximum equals Np; /4.

Figure 10 shows the relationship between (—kT) -
dn(T)/dEr and AEp, and the solid and broken curves
represent the data calculated using n(7") in Figs. 1 and
3, respectively. Using the solid curve, AFps and Npo
are evaluated to be 0.105 eV and 9.52 x 10'® em™3, re-
spectively, while AFp; and Np; cannot be evaluated
because the measurement temperatures are not low e-
nough to evaluate these values. In our method, however,
AFEnp; and Np; can be evaluated at these measurement
temperatures.

From the broken curve, it 1s considered that there is
only one kind of donor, and AFp; and Np; are evaluated

to be 0.0454 eV and 1.45 x 10'% cm™3, respectively. In
our method, the densities and energy levels of the two
kinds of donors can be evaluated accurately.

Figure 11 shows the relationship between (—£T) -
dn(T)/dEp and AEp, and the solid and broken curves
represent the data calculated using n(7) expressed as
the solid and broken curves in Fig. 5, respectively. As is
clear from this figure, it is considered that only one kind
of donor exists, although there are actually two kinds of
donors and two kinds of acceptors in the semiconduc-
tor. The values of AEp; and Np; are evaluated to be
0.133 eV and 1.33 x 10'6 cm™3, respectively, using the
broken curve, and 0.134 eV and 1.31x 10'% em™3, respec-
tively, using the solid curve. Since the values obtained
using the Hoffmann’s method are poor approximations
of the actual values and since it is impossible in principle
to determine N using Hoffmann’s method, the method
proposed here is more suitable than Hoffrann’s method.

4. Conclusion

We propose a simple graphical method for accurately
determining the densities and energy levels of impurities
in a semiconductor from the temperature dependence
of the majority carrier concentration. The function
S(T, Fret), which is defined as n(T) exp(Eret/kT)/ kT,
has peaks corresponding to impurity levels. From each
peak, the density and energy level of the correspond-
ing impurity can be evaluated accurately. Using this
method, the densities and energy levels of impurities
which produce majority carriers can be evaluated, and
the density of all impurities which produce minority car-
riers can be estimated. The energy resolution of this
method is about 0.006 eV. This method can be used un-
der the condition that the ratio of the density of all impu-
rities for minority carriers to the density of the shallow-
est impurity for majority carriers is smaller than 1. This
method is suitable for accurately evaluating the densi-
ties and energy levels of impurities in a semiconductor
with several kinds of donors and acceptors, and it can be
used to mnvestigate how many kinds of impurities, which
produce majority carriers, exist in a semiconductor.
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Figure captions

Fig. 1. Temperature dependence of majority carrier concentra-
tion calculated for Si with two kinds of donors (AEp; = 0.0390
eV, Np; = 1.00 x 10'® em~2, AEp, = 0.110 eV and
Nps = 1.00 x 10'¢ ecm™2).

Fig. 2. S(T, 0) and S2(7, 0) calculated using n(T) in Fig. 1.

Fig. 3. Temperature dependence of majority carrier concentra-
tion calculated for Si with two kinds of donors (AEpRp; = 0.0390
eV, Np1 = 1.00 x 10'® em™2, AFEp, = 0.0540 eV and
Np2 = 1.00 x 10'® cm™2). The energy difference of the two
donors is 0.0150 eV.

Fig. 4. S(T,0.0185) and S2(T,0) calculated using n(7T) in Fig. 3.

Fig. 5. Temperature dependence of majority carrier concen-
tration calculated for 6H-SiC with two kinds of donors
(AEFp; = 0110 eV, Np; = 100 x 10! cm™3,
AFEp, = 0150 eV and Npy, = 1.00 x 10 cm™%)
and two kinds of acceptors (AEsx; = 0.200 €V and
AExy = 0.300 €V). The solid curve represents the curve for
Na1 = Nas = 1.00 x 10'®> cm™2, and the broken curve repre-
sents the curve for Na; = Nao = 1.00 x 10 cm—2,

Fig. 6. S(T,0.1) (solid curve) for No; = Npp = 1.00x10'% cm—2
and S(T, 0.046) (broken curve) for Ny; = Npo = 1.00x 10 em 2.

Fig. 7. S2(T,0.05) (solid curve) for Na; = Nas = 1.00x10*° cm—2
and S2(7T,0.05) (broken curve) for No; = Npp = 1.00x10'% cm—2.

Fig. 8. S(T,0.054) (solid curve) for No; = Njo = 1.00x 10! em—2
and S(T, 0.052) (broken curve) for Na; = Nas = 1.00x10° em 2.

Fig. 9. S2(T,0.05) (solid curve) for Na; = Nas = 1.00x 101 cm—2
and S5 (T,0.05) (broken curve) for Ny; = Npp = 1.00x 1010 ecm =2,

Fig. 10. The dependence of (—kT) - dn(T)/dEr on AEp. The
solid and broken curves are calculated using n(7T') in Figs. 1 and
3, respectively.

Fig. 11. The dependence of (—kT) - dn(T)/dEr on AEp. The
solid and broken curves are calculated using n(7') expressed as
the solid and broken curves in Fig. 5, respectively.
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